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INTRODUCTION

1-1. BACKGROUND
Satellite orbit and attitude determination tasks have traditionally been performed on the ground. Commands were then uplinked to the satellite to relay the pre-computed information. Historically, the lack of flight CPU processing power and the complexity of required algorithms have precluded the application of onboard orbit and attitude determination.
However, ground-based orbit and attitude functions often result in large manpower expenditures, and rely on limited communication. When multiple satellites are introduced to the system, these problems are magnified. Moving the orbit and attitude determination tasks onboard the spacecraft would be a huge benefit, especially if the satellites could coordinate among themselves. As flight CPUs and software algorithms improve, fully automated constellation management will become possible. The MADECC project is a demonstration showing the feasibility of moving such tasks onboard the spacecraft, and automating the necessary coordination and control within the constellation structure.
When orbit and attitude determination are moved to the spacecraft and become automated, other benefits emerge. For instance, a constellation may have the ability to recognize an unexpected, scientific target of opportunity. Instead of waiting for the satellites to be in view of a ground station or the space network for commanding, the constellation can reorient itself automatically to ensure exploitation of that opportunity.
This ability to locate scientific targets of opportunity will also enable deep space constellation missions. Data rates for deep space satellites can be on the order of bits per second, where commanding can be delayed and difficult. If an unexpected event has occurred in deep space, personnel on the ground are not notified quickly, the opportunity to start collecting information on that event will be missed. In addition, the reduced communication needs allow the bandwidth back to earth to be reserved for science data only, thus maximizing science benefits.
The Leonardo mission will take measurements of solar radiation that is reflected off the Earth's surface ftom different angles simultaneously. Due to varying contours and surfaces of the Earth, its magnetosphere is not uniform. Scientists do not fully understand yet how solar radiation is reflected and how it affects the Earth's magnetosphere. Solar radiation reflection back into space can vary drastically at different locations on the earth, especially over deserts, oceans, mountains, volcanoes, and even large fires. Prior missions have taken many single point measurements, but this type of measurement limits our ability to fully understand the nature of the solar radiation reflectivity in three dimensions.
To understand these properties, measurements must be taken ftom multiple angles. Six satellites will fly in the Leonardo constellation to accomplish this task2. Maximum efficiency orbits, shown in 
1-2. ORGANIZATIONAL ROLES
The NASNGSFC Mission Applications Branch will develop the orbital dynamics portion of the system, implement the control and coordination algorithms, and construct the overall MADECC software systems. JHU/APL will provide the control and coordination algorithms, and also houses the test-bed on which the MADECC system will be demonstrated. Traditionally, attitude systems require significant customization for every mission. At least in the near future, this will continue to be the case. There may even need to be significant customization for each satellite attitude system in the constellation, depending on mission goals and spacecraft designs. The Leonardo mission will be a relatively simple attitude problem to solve since every satellite will focus on the same point when collecting data, allowing each satellite to use the same logic.
The maneuver planning function will require inputs from the orbit and attitude determination functions to determine an efficient plan. for relocating orbit and/or changing orientation.
The cross-link communication area has been extensively addressed by JHU/APL. They have developed their own cross-link transceiver, which is already integrated into their test-bed.
Additionally, they have researched many coordination schemes for communication among the satellites'. Potential candidates include differing levels of a master/slave relationship, or having all satellites maintaining equal knowledge of every other satellite. Each scenario has its advantages and disadvantages. For this project, the most appropriate coordination scheme for the Leonardo mission will be identified and implemented.
MADECC SYSTEMS DEVELOPMENT
2-1. SYSTEM DESCRIPTION
The MADECC system consists of several major software modules, which correspond to the system functionality. All modules will be coded as plug-and-play components, as missions other then Leonardo may require the inclusion of alternate modules. For instance, a deep-space mission would require a different orbit determination module, since GEONS only currently provides an orbit solution for an Earth orbiting satellite.
It is very important to note that the MADECC system will take advantage of as many existing developed technologies as possible. Since the system handles orbit determination, attitude control, maneuver planning, coordination, crosslinking, and telemetry handling capabilities, the development of all functionality from scratch would require significant time and manpower. By taking advantage of existing work such as the coordination algorithms developed by J€€U/APL, FDAB's GEONS, and AutoConTM-F developed by NASNGSFC and ai solutions, Inc., MADECC plans to integrate these systems to accomplish tasks of greater complexity and larger scope.
The major functionalities of the MADECC system will be developed in three major releases, each with a specified goal and a definitive deliverable product. 
PRELIMINARY COORDINATION
The goal of release I is to demonstrate the ability to maintain six individual orbits of the Leonardo constellation and have each of the satellites notify the others of its status via the satellite coordination module. This will result in all satellites having full awareness of total constellation health. A protocol for transmitting data to others in certain precedence order will be developed. This protocol will need to address issues that focus on the minimum amount of required data transmissions between satellites. Each data communication must leverage off previous communications to ensure that bandwidth and power are not wasted. The deliverable product from this release will demonstrate preliminary coordination abilities. Since the JHu/ApL testbed is already capable of determining an orbit position and velocity and transmitting truth-values, those values will be obtained directly ftom the test-bed in release I.
The following functions will be developed for release I: The maneuver planning module will need extensive advancements. It will need to accept inputs from both the orbit determination and attitude determination modules, and develop an intelligent plan to satisfy requirements that sources be as efficient as possible. In this release, there are plans to integrate the GEONS software for an alternate method of orbit determination. This will allow simpler integration with other test-beds that lack existing orbit determination capabilities.
The major goal of release II is to demonstrate the ability to control attitude and to plan maneuvers. The release II product is scheduled for completion in September 2003.
2-4. RELEASE I I I -INTELLIGENT COORDINATION AND
TASK DISSEMINATION
The release III goal is to develop true intelligence of satellite coordination into the discrete. event control system. The following functionality will be added:
In particular, the satellite coordination module will need significant enhancements. The objective is to have each node in the constellation understand its capabilities. A mission can then define its goals, and the satellites will coordinate among themselves to disseminate the identified tasks to those capable of completing them. Following this scheme provides essential flexibility. As a node in the constellation degrades, its capabilities may also decrease. For instance, a sensor may become dirty and no longer usable, requiring the task to collect that type of sensor data to be assigned to another node, therefore maintaining the mission goals.
The logic of calculating the spacecraft equations of motion and determining current and predicted positions and attitude is a separate function from that of the system coordination. The system that holds the coordination intelligence is configured to understand specific constraints. The maneuver planning module will rely on the AutoConTM-F package to execute the GSFC algorithm or the JPL algorithm. It was developed for the EO-1 mission to autonomously maintain a formation-flying pattern with Landsat-7. AutoConTM-F is capable of accepting the current and desired positions as inputs, and providing a propagated state without a maneuver and a maneuver plan to reach the desired position. Based on the constraints set in the control scenario, the goal is to have the control scenario accept the propagated state without a maneuver. If that does not meet the constraints within the control set, the AV values retrieved from AutoConTM-F will become an input to the satellite coordination module, which will then coordinate the maneuvers between the satellites.
The first Leonard0 autonomous control scenarios will focus on a very simple case. To keep the scenarios as simple as possible, only two types of maneuvers will be allowed: a Hohmann Transfer, or orbit transfer, and a plane change. It is well known that a direct plane change is not the most efficient maneuver when done alone, but it will provide for a very simple demonstration case of control and coordination among satellites in a constellation.
The Hohmann Transfer is the most efficient orbit transfer method when no other maneuvers are needed. Future releases of MADECC will contain logic for combining various maneuver methods. As shown in the equations below, it is a straightforward method to follow for calculating the AV values needed to transfer to another orbit.5
(3)
A demonstration of these capabilities is planned for where ... As shown, it is a straightforward solution to plan an orbit transfer with the above equations. The process is composed of having two impulsive bums. The frst burn is used to go into an elliptical transfer orbit, with the satellite staying at that transfer orbit for a length of time T. At the end of that time, another burn will occur to direct the satellite in the right path of the final orbit.
The case of planning an orbit change is also quite simple, comprising a simple vector addition of the initial and fmal states. ( 5 ) where ... Vi = initial velocity vf=$nal velocity 8 P change of angle Once again, in ordinary scenarios, more logic would take place to plan for an eflicient bum. In the future, many more solutions will be evaluated for repositioning, such as combined maneuvers, 3-burn transfers, and aero-assists trajectories. Plane changes are AV expensive maneuvers in nature, especially at lower altitudes where initial velocities are higher. Logic is used in the early stages to keep the coordination schemes simple at first, since they can quickly become complex and too burdensome for early demonstrations.
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3-2. CONTROL AND COORDINATION
The key to autonomous control of the entire constellation is the ability to coordinate satellite actions amongst themselves. Each individual satellite must not only be knowledgeable about itself, but also knowledgeable about the other nodes in the constellation, and must understand where it fits into the overall mission goals. This is both a logically and computationally difficult task that cannot be addressed by traditional control theory. For a single-node system acting by itself, the properties ordinarily examined are response time, stability and robustness. For multiplenode system, the required set of parameters to monitor expands to include dynamic system behavior adaptation, coordination of autonomous system assets, goal planning and refmement, fault resolution, and learning.3 The expanded requirement demands more intelligent control techniques, such as neural networks, fuzzy logic, discrete event systems, and expert systems?
The MADECC system will take advantage of discrete-event systems and model-based reasoning to effectively control the formations and accomplish the mission goals. Discreteevent systems are composed of a discrete state space that contains every system configuration and state transition structure that defines how the system's state-space evolves with time? The discrete event system will be represented with finite state automata that can be defined with a formal language construct. Using finite state automata is a way of deciding whether a defined state is acceptable or not through the use of pattern recognitions with a finite set of states. With the finite state automata outputs, the system will be aware of its current situation. That knowledge can then be fed into a model-based reasoning system to make further decisions of what must occur next. Massachusetts Institute of Technology, working jointly with JHU/APL, developed the model-based reasoning system to be used in the MADECC system. The satellite coordination module will gather information from the cross-link transceivers while communicating with the other satellites. It then uses that information to decide whether an action must be taken to acconiplish the mission goals. The high-level decisions, such as "AI1 satelh'tes need to be IO00 km apart j o m one another", will come from outputs of the model-based reasoning system based on rules that the MADECC system manager define. If the satellite coordination module concludes that an action must be taken, then the satellites begin the process of communication and negotiation.
To reposition the satellites, one or more maneuvers may be needed. As discussed previously, these details of required maneuvers will come from the maneuver planning module. One satellite will be responsible for making the high-level decisions, and it will be up to each individual satellite to calculate the details of its own maneuver plan. Given current flight processors, it would also be impossible for a single satellite to plan maneuvers for all satellites in the constellation. Once a total plan of action has been established, the satellite coordination module will pass a maneuver token to allow an individual satellite to perform its maneuver. Once completed, $will be responsible for contacting the other nodes to report on its status, providing the most efficient use of constellation resources.
In future scenarios, it will be necessary for multiple spacecraft to perform maneuvers simultaneously. The same concepts previously described can be adapted to this situation as well. Multiple maneuver tokens may be passed around, and it will be the responsibility of the master spacecrafi to make sure the entire constellation is aware of the constellation status.
MADECC FLIGHT POTENTIAL
The MADECC system is a prototype system to demonstrate a new technology, but the inclusion of existing flight-ready components will lay the groundwork for possible evolution to flight embedded software. The JHU/APL cross-link transceiver already has the ability to provide a smoothed orbit determination solution with software embedded in the transceiver itself. AutoConTM-F is currently being flown on EO-1, and GEONS is flight-tested code as well. GEONS will provide an alternate method of obtaining an orbit determination solution. The selection of ANSI C and C++ as implementation languages will aid in the development of a system that is operating system independent.
Additionally, the main components of the MADECC system have been designed as separate software modules, allowing components to be easily replaced.
CURRENT PROGRESS
This project is currently in its development phase. The MADECC system is now capable of processing position, velocity, acceleration, quaternion, and orbital events data, displaying that data in a separate interface application, displaying spacecraft ground tracks in Satellite Tool KitTM (STK), and transmitting information among satellites through the cross-link transceiver. The coordination and control scenarios are currently being devised and implemented. Once that step is complete, responses to achieve desired behaviors and performance will be analyzed. To analyze responses, the following items will be evaluated After response and performance analysis is complete for one scenario, an optimization activity will occur.
